Hormonal conditions that elicit lordosis in female rats are ineffective in males, suggesting that this behavior is actively suppressed in males. Previous studies theorize that serotonergic and ␥-aminobutyric acidergic (GABA) inputs to the ventrolateral division of the ventromedial nucleus of the hypothalamus (VMNvl) may contribute to lordosis inhibition in males. Using triple-label immunofluorescent techniques, the present studies explored potential sex differences in the density of these projections within three hypothalamic sites: the VMNvl, the arcuate nucleus ( 
T HE VENTROMEDIAL NUCLEUS of the hypothalamus (VMN) comprises diverse cell groups that are implicated in multiple behavioral and neuroendocrine systems. The ventrolateral division of the VMN (VMNvl) is critically involved in the regulation of the lordosis display, a reflexive behavior indicative of female sexual receptivity in rodents (1) . Lordosis is facilitated and inhibited by both endocrine and neurochemical systems. In females, the steroid hormones 17␤-estradiol (E2) and progesterone play an essential role in facilitating the display of this behavior, but neurotransmitters, including serotonin (5-HT) and ␥-aminobutyric acid (GABA) also influence lordosis (2) (3) (4) . By interacting with steroid hormones and each other (5-7), 5-HT and GABA can act to either facilitate or suppress lordosis.
In contrast to females, males rarely display lordosis behavior, even when administered large central or peripheral doses of E2 (8, 9) . However, lordosis behavior can be induced in males after lesions to key areas within the forebrain and lower brain stem, suggesting that the lordosis response is actively suppressed in males through an inhibitory neurochemical mechanism. This suppression appears to be provided largely by two distinct inhibitory pathways. In the first, serotonergic projections originating from the dorsal raphe nucleus in the brain stem (DRN) to forebrain nuclei, including the VMN, inhibit lordosis in males (10 -12) . GABA may also be working through this pathway to influence lordosis in both males and females (13) . A separate inhibitory pathway, projecting through the lateral septum to the midbrain central gray has also been shown to suppress lordosis in males (11, 14 -18) , but it is not yet known which neurotransmitters may be acting within this system to inhibit lordosis. Previous work has demonstrated that neither pathway is sufficient on its own to completely suppress lordosis in males (11) , so both appear to be necessary and working in concert to exert their effects.
Serotonergic afferents from the DRN project directly to the VMN (19, 20) as well as the lateral septum (21) . However, it is not known whether there are sex differences in the densities of 5-HT and/or GABAergic projections to the VMN or in the proportion of those fibers that make contact with hormone-responsive VMNvl neurons. We hypothesized that there would be increased serotonergic and GABAergic innervation of the VMNvl in males, compared with females, providing a tonic inhibitory influence to this critical behavioral nucleus. We further predicted that many of these fibers would make contact with neurons containing the ␣-isoform of estrogen receptor (ER)-␣. The present studies investigated these possibilities by quantifying sex differences in the densities of 5-HT-and glutamic acid decarboxylase (GAD)-65-containing fibers projecting to ER␣-expressing VMNvl neurons in adult males and females.
For these experiments, ER␣, the cytoplasmic neuronal marker HuC/D and either 5-HT or GAD65 were labeled and quantified in the male and female VMNvl using triple-label immunofluorescent techniques. ER␣ is abundant in the VMN but is restricted to the cell nucleus, so labeling for HuC/D was used to visualize the cell bodies of VMNvl neurons. We also examined 5-HT and GAD65 fiber density in the arcuate nucleus (ARC) and the dorsomedial nucleus of the hypothalamus (DMN). These regions were selected as control areas because of their proximate location to the VMN and their respective functional roles in the regulation of sexual behavior. The ARC is thought to play a role in the negative feedback regulation of gonadotropin secretion (22, 23) and therefore may have an indirect role in the coordination of sexual behavior. In contrast, the DMN is thought to be responsible for integrating autonomic, endocrine, and behavioral responses unrelated to reproduction, including sleep, feeding, and emotional stress (24 -26) . Accordingly, ER␣ is abundant in the ARC but absent in the DMN (27, 28). To eliminate any possible influence of circulating gonadal hormones, animals in this first experiment were gonadectomized in adulthood.
We also sought to determine whether the serotonergic and GABAergic innervation of the VMNvl could be affected by the manipulation of the neonatal hormone environment. It is well established that neonatal estrogens, aromatized from testicular androgens, are required for the proper masculinization of the male rodent hypothalamus (29, 30). Blocking neonatal estrogens, either through castration or by the manipulation of aromatization or ERs, prevents the proper masculinization of the hypothalamus. Similarly, administration of aromatizable androgens or estrogens to females during this time period permanently masculinizes the hypothalamus, rendering them infertile and incapable of generating a lordosis response (31-34). The number of neurons sending axons from the lateral septum to the midbrain central gray has previously been shown to be sexually dimorphic and influenced by steroid hormones neonatally (35, 36), suggesting that the neurotransmitter systems regulating sexual behavior are organized by estrogens during the neonatal period. We therefore hypothesized that exposure to E2 or the estrogen-like compound genistein (GEN) during the neonatal period could alter the density of serotonergic projections in the VMNvl. GEN is an isoflavone phytoestrogen found at high concentrations in soy-based foods. We previously demonstrated that neonatal exposure to GEN can alter the normal sexual differentiation of the anteroventral periventricular nucleus of the hypothalamus (AVPV) (37, 38).
For this second set of experiments, animals were treated neonatally with E2 or GEN and raised to adulthood. The neonatally treated animals were then gonadectomized (GNX) as adults and sequentially administered estradiol benzoate (EB) and progesterone. This treatment paradigm has previously been shown to effectively restore lordosis behavior in GNX females but not females masculinized by neonatal exposure to estradiol or in males (1, 31-34, 39, 40) . We therefore hypothesized that any observed sex differences in GABAergic or serotonergic projections would be disrupted by neonatal exposure to E2 and/or GEN but not adult hormone administration.
Materials and Methods

Animal care
Animals were housed in a humidity-and temperature-controlled room with a 12-h light, 12-h dark cycle (lights on from 0700 to 1900 h) at 23 C and 50% humidity at the CIIT Centers for Health Research. All animals were fed a soy-free, phytoestrogen-free diet ad libitum (Diet 5K96; Purina, Richmond, IN) on arrival and for the duration of the experiment. For the first experiment, adult male (n ϭ 10) and female (n ϭ 10) Sprague Dawley rats (Charles River, Raleigh, NC) arrived GNX on postnatal day (PND) 75 and were killed 8 d later by transcardial perfusion without further treatments. For the second experiment, pups were born in-house, cross-fostered at birth, and treated with E2, GEN, or a control vehicle during the neonatal period, as previously described (37, 38). Animals were then reared to adulthood, gonadectomized, given adult hormone replacement as described below, and killed by transcardial perfusion. Animal care and maintenance were conducted in accordance with the applicable portions of the Animal Welfare Act and the U.S. Department of Health and Human Services Guide for the Care and Use of Laboratory Animals. All experimental procedures involving animals were approved by the CIIT Centers for Health Research Institutional Animal Care and Use Committee.
Treatment preparation and administration
Tissue for the second experiment was derived from animals used in a previously published experiment (38). As described therein, on arrival the pregnant dams (n ϭ 5; Charles River) were acclimated to the vivarium and fed a soy-free, phytoestrogen-free diet ad libitum. On the day of birth (PND 0), each pup was cross-fostered and randomly assigned to one of three treatment groups: sesame oil (n ϭ 8 males, 8 females), E2 (n ϭ 8 females), or GEN (n ϭ 8 males, 8 females). E2 and GEN were dissolved in 10% EtOH in sesame oil. GEN was sonicated with low heat to facilitate complete dissolution. Once prepared, the solutions were kept at 4 C and wrapped in foil to prevent photodegradation. Treatments were administered by sc injection (0.05 ml) every 12 h for 48 h, beginning on the morning of PND 1 for a total of four injections. Care was taken to ensure that the injection site did not leak before returning the pup to the dam. Each injection contained 50 g E2 (Steraloids, Newport, RI), 250 g GEN (Indofine Chemical Co. Inc., Somerville, NJ), or sesame oil (OIL; Sigma, St. Louis, MO). The dose of 50 g E2 every 12 h (100 g/d) has previously been shown by our laboratory to effectively masculinize other sexually dimorphic nuclei in the hypothalamus (37). We also previously reported that the dose of 250 g GEN every 12 h is sufficient to alter a number of sex differences in the AVPV (37, 38). The pups were weaned on PND 21 and maintained on the soy-free diet until adulthood.
On PND 85 the animals were gonadectomized under isoflurane anesthesia. To provide adequate time for endogenous hormone levels to diminish, the animals were allowed 11 d to recover. The GNX males and females were then sc injected with 10 g EB dissolved in sesame oil at 0900 h, followed 48 h later (PND 98) by a sc injection of 500 g progesterone dissolved in the same vehicle. This treatment paradigm has been consistently shown to stimulate lordosis behavior in females but not males or females masculinized by the neonatal administration of estrogens (1, 31-34, 39, 40) . Animals were killed by transcardial perfusion 6 -8 h after progesterone administration.
Tissue collection and preparation
For both experiments, the animals were deeply anesthetized with sodium pentobarbital (Henry Schein, Inc., Port Washington, NY) and transcardially perfused with ice-cold 0.9% NaCl followed by 400 ml 4% paraformaldehyde in 0.05 m sodium phosphate buffer (pH 7.4). Brains were removed and postfixed in 20% sucrose in 4% paraformaldehyde for 3-4 h and then cryoprotected overnight at 4 C in 0.02 m potassium PBS (KPBS) containing 20% sucrose. Blocks of tissue containing the caudal hypothalamus, including the VMN, ARC, and DMN, were isolated, rapidly frozen in crushed dry ice, and stored at Ϫ80 C. Brains were sliced into 30-m coronal sections on a frozen sliding microtome, and the sections from each brain were divided into two alternating series. Freefloating sections were then stored in an antifreeze solution (20% glycerol, 30% ethylene glycol in KPBS) at Ϫ20 C until immunohistochemical processing. For all animals, one set of tissue was used for immunolabeling of 5-HT, ER␣, and HuC/D. For the first experiment, the second anatomically matched series of sections was used for immunolabeling of GAD65, ER␣, and HuC/D.
5-HT immunohistochemistry
The sections were rinsed in a series of six 5-min washes of KPBS buffer with mild shaking before each step of immunohistochemical processing. The sections were preincubated overnight at 4 C in 2% normal donkey serum (Colorado Serum Co., Denver, CO) and 0.3% Triton X-100 in KPBS (LKPBS). They were then incubated for 72 h with mild shaking at 4 C in a cocktail of primary antibodies directed against 5-HT (goat antiserotonin, 1:6000; ImmunoStar, Hudson, WI), ER␣ (rabbit polyclonal anti-ER␣ C1355, 1:20,000; Upstate Biotechnology, Waltham, MA), and HuC/D (mouse anti-HuC/HuD 16A11, 1:500; Invitrogen, Carlsbad, CA) in LKPBS. HuC/D is a protein expressed in neuronal cytoplasm and for the purposes of our experiments was used to visualize the borders of neuronal cell bodies (41). After incubation and rinsing, the sections were then placed for 2 h in a cocktail of donkey secondary antibodies generated against goat, rabbit, and mouse IgGs conjugated to fluorophores excited at 488, 568, and 647 nm, respectively (Alexa-Fluor donkey antigoat 488, Alexa-Fluor donkey antirabbit 568, Alexa-Fluor donkey antimouse 647; Invitrogen). All secondary antibodies were diluted 1:200 in LKPBS. After secondary antibody incubation, sections were counterstained with Hoechst 33258 (Invitrogen) rinsed, mounted onto slides (Superfrost, Fisher, Pittsburgh, PA), and coverslipped using a standard glycerol mountant.
Specificity of the 5-HT staining was confirmed by incubating the primary antibody with the 5-HT antigen before using it for immunofluorescent staining. For this procedure, a set of hypothalamic sections containing the VMNvl were labeled using either the 5-HT antibody alone (1:6000) or antibody that had been preincubated with 10 g/ml serotonin/BSA conjugate (ImmunoStar) at room temperature for 1 h. Upon visualization with a fluorescently tagged secondary antibody, bright serotonergic fibers were observed in control tissue sections. However, this staining was completely eliminated when the diluted antibody was preincubated with the antigen.
GAD65 Immunohistochemistry
Anatomically matched sections from the second series of tissue obtained in experiment 1 were used for immunolabeling of GAD65. As above, the sections were rinsed in a series of six 5-min washes of KPBS buffer with mild shaking before each step of immunohistochemical processing. The sections were first preincubated overnight at 4 C in LKPBS. The sections were then incubated in a cocktail of primary antibodies directed against GAD65 [ms anti-GAD65, 1:2000, a generous gift of Ake Lernmark (42)] and ER␣ for 72 h with mild shaking at 4 C. After incubation and rinsing, the sections were placed in a cocktail of secondary antibodies generated against mouse and rabbit IgGs conjugated to fluorophores excited at 488 and 568 nm, respectively (Alexa-Fluor goat antimouse 488, Alexa-Fluor goat antirabbit 568; Invitrogen). The secondary antibodies were diluted 1:200 in LKPBS. After washing, the tissue was incubated in a biotinylated primary antibody directed against HuC/D (ms biotinylated anti-HuC/HuD; Invitrogen; 1:200 in LKPBS) for 72 h with mild shaking at 4 C. The sections were then rinsed and incubated with a streptavidin-conjugated fluorophore excited at 647 nm (Streptavidin Alexa Fluor 647 conjugate; Invitrogen) at 1:200 in LKPBS for 2 h with shaking. Finally, the sections were rinsed, counterstained with Hoechts 33258 (Invitrogen), mounted onto slides (Superfrost; Fisher), and coverslipped using glycerol mountant as described above.
Confocal microscopy and image analysis
5-HT, HuC/D, and ER␣ triple-immunofluorescent label was visualized in the VMNvl and ARC in all animals from both experiments and in the DMN of the GNX adults in the first experiment. GAD65, HuC/D, and ER␣ immunostaining was visualized in the VMNvl of all animals in both experiments. Anatomical identification of each section was made by comparing the counterstained sections to a brain atlas (43). Because ER␣, 5-HT, and GAD65 immunostaining was observed to be consistent and evenly distributed throughout the VMNvl, ARC, and DMN, a single, representative midlevel section from each region was selected for each animal. Immunolabeling of all triple-labeled sections was visualized using a Zeiss LSM 510 Meta confocal microscope (housed at the CIIT Centers for Health Research) that was fitted with a ϫ63 oil-corrected objective lens. For imaging of GAD65-immunoreactive (ir) puncta, an optical magnification factor of ϫ2 was used.
Anatomically matched, midlevel sections from each nucleus were selected for imaging of 5-HT or GAD65, ER␣, and HuC/D. For each scan, a set of serial image planes (z-step distance ϭ 0.75 m) was collected through the entire thickness of the section. Individual images were acquired sequentially for light emitted from each fluorophore and parsed into separate stacks of images for analysis using the Image J software package [National Institutes of Health (NIH), Bethesda, MD]. To control for variations in tissue thickness that would result in unequal numbers of image planes, substacks of consecutive image planes that excluded the rostral and caudal edges of the tissue sections were created for each set of scans. Substacks consisted of 25 image planes for 5-HT labeling in the VMNvl of the GNX adult and neonatally treated rats and 15 image planes for 5-HT labeling in the ARC and DMN of all sampled animals. Substacks of 15 planes were also used to analyze GAD65 labeling. Only data from sections with consistent staining throughout the entire thickness were included in the analysis.
Quantification of 5-HT and GAD65 fiber density
GAD65-ir has been shown previously to be localized to the axon terminals of GABAergic neurons (44, 45). Accordingly, GAD65 label in the present studies was observed to be in punctate structures that surrounded VMNvl cell bodies (see Fig. 2 ). In contrast, 5-HT-ir was localized to extended lengths of fibers rather than discrete puncta (see Fig.  1 ). To quantify the densities of 5-HT-and GAD65-containing structures, substacks of images depicting fluorescence emitted from the AlexaFluor-488 fluorophore were isolated for analysis. All analyses were performed using the Image J software package (NIH). Using methods consistent with those described previously (46), individual images contained within each substack were binarized to a threshold selected to optimize visualization of the signal and to minimize the inclusion of background fluorescence. Single pixels were removed to further reduce background influence. In the case of 5-HT labeling, fibers were then skeletonized to a thickness of one pixel to compensate for differences in individual fiber thickness. The number of bright pixels in each plane of the substack was then quantified using the Image J Voxel Counter plug-in (NIH). The voxel counts were then averaged within the substack to obtain a single measure that was used as a quantitative representation of the average density of labeling within the volume sampled.
Quantification of HuC/D and ER␣ immunoreactivity in the VMNvl
For this analysis, substacks of 40 image planes were generated from the tissue triple labeled for 5-HT, ER␣, and HuC/D. Only substacks with consistent staining throughout were used for quantification (n ϭ 8 females, 6 males). Image planes depicting the ER␣ and HuC/D immunolabel were merged using the Image J software package for analysis. The number of cells labeled only for HuC/D, as well as the number of cells that were labeled for both HuC/D and ER␣, were quantified using a modified stereological approach that used the optical fractionator probe of the StereoInvestigator software package (MBF Bioscience, Williston, VT) (47). Because the substacks contained only the VMNvl and no outlying regions, the entire area of the image plane was defined as the region of interest, and the guard zone of the optical fractionator probe was set to zero. Stacks were collected using a 0.75 m z-step distance, so the 40 image planes in each substack represented a section thickness of 30 m. Dimensions of the counting frame (length ϫ width) were 15 m ϫ 15 m, and 12 sampling sites were used for each section, yielding an average grid size of 24.96 m ϫ 25.91 m. Cells were counted by advancing through the individual image planes within each confocal substack and marking the cells of interest within each dissector. All cells for which the nucleus could be clearly identified in at least one image plane were included in the analysis. The total number of HuC/D-ir cells and the percentage of HuC/D-ir cells colabeled for ER␣ were then compared.
Quantification of 5-HT fibers apposing HuC/D-and ER␣-immunolabeled cells in the VMNvl
This analysis was similar to that used to quantify HuC/D and ER␣ immunolabeling, but the criteria for selecting cells were necessarily more selective. Because 5-HT-ir fibers appeared to run along the periphery of the cell body, only cells for which the entire soma could be visualized within the image substack were quantified. As described above, substacks of 40 image planes were generated from the tissue triple labeled for 5-HT, ER␣, and HuC/D, and only substacks depicting consistent staining in every image plane were used for quantification (n ϭ 7 females, 6 males). Image planes depicting the 5-HT, ER␣, and HuC/D immunolabel were merged using the Image J software package for analysis. The percentages of HuC/D-ir cells that were immunopositive or immunonegative for ER␣ and that did or did not have apparent sites of contact with 5-HT-containing fibers were quantified using a modified stereological approach that used the optical fractionator probe of the StereoInvestigator software package (MBF Bioscience), as described in . 5-HT labeling was readily observed within extended lengths of fibers, many of which appeared to be in close apposition to HuC/D-stained (blue) neuronal cell bodies (white arrow). ER␣ labeling (red) was exclusively observed within the nuclei of HuC/D-labeled neuronal cell bodies neurons and was abundant in both the male (A) and female (B) VMNvl. 5-HT immunoreactivity was significantly higher in the males than females in both the VMNvl (C) and ARC (D) but not the DMN (E). *, P Յ 0.03. Scale bar (red), 20 m.
the previous section (47). Section thickness, dissector height, and counting frame dimensions were identical with those used to count HuC/D and ER␣ immunoreactivity. Cells were counted by advancing through the individual image planes within each confocal substack and marking the cells of interest within each dissector. For each counting frame, separate markers were used to quantify cells that were ER immunopositive and received apparent fiber contacts (ERϩ/5-HTϩ), cells that were ER immunonegative and 5-HTϩ (ERϪ/5-HTϩ), cells that were ERϩ and received no apparent contacts from labeled fibers (ERϩ/5-HTϪ), and cells that were ERϪ and 5-HTϪ (ERϪ/5-HT). In most cases in which cells were determined to receive apparent contacts from 5-HT-ir fibers, extended lengths of labeled fiber were clearly observed to be in close apposition with HuC/D-labeled cell bodies, often appearing to be partially wrapped around the soma (see Fig. 1 ). For cells in which appositions were less easily identifiable or in which nearby fibers appeared to course in the z-plane of the substack, three dimensional reconstructions of the cell and its surrounding fibers were generated using the Volume Viewer plug-in for the Image J image analysis program (NIH). Reconstructions were then manually rotated to confirm that apparent contacts were maintained irrespective of the angle from which the cell was viewed.
Data analysis
All measures were analyzed separately for the GNX adults from experiment 1 and the neonatally treated adults from experiment 2. For experiment 1, differences between groups were assessed using a t test (separate variance, Bonferroni adjusted). For the neonatally treated animals in experiment 2, because there was no E2 treatment group among the males, it was inappropriate to analyze the data with treatment and sex as factors. Therefore, each treatment group was assigned a group number and the differences between groups were assessed using a two-tailed, one-way ANOVA followed by Fisher's post hoc tests. All effects were considered to be statistically significant when P Յ 0.05.
Results
5-HT fiber density was sexually dimorphic in the adult VMNvl and ARC but not the DMN
Nine males and nine females with consistent staining throughout the entire thickness of the VMNvl were selected for the analysis of 5-HT-ir. 5-HT-ir was localized to extended lengths of fibers, many of which appeared to be in close apposition to the HuC/D-labeled neuronal cell bodies (Fig.  1) . Average 5-HT fiber density within the VMNvl was significantly higher in the males, compared with the females (P Յ 0.0001). 5-HT fiber density was also significantly higher in the ARC of the males (n ϭ 10), compared with the females (n ϭ 6, P Յ 0.03, Fig. 1 ). 5-HT-ir was appreciable in the DMN but no significant sex difference was observed (P ϭ 0.55, Fig. 1 ).
GAD65-ir in the adult VMNvl did not differ between the sexes
Six males and seven females with consistent staining throughout the entire thickness of the VMNvl were selected for the analysis of GAD65-ir (Fig. 2) . In contrast to the 5-HTir, GAD65-ir was observed in discrete punctuate structures surrounding the VMNvl cell bodes (Fig. 2, white arrow) . This is consistent with previous reports of GAD65-ir in the brain, which demonstrated that GAD65 is localized to axon terminals (44, 45). GAD65 immunoreactive structures were observed in the VMNvl of both sexes, but there was no significant sex difference in the density of GAD65 immunolabeling (P ϭ 0.26). 
The percentage of HuC/D-ir neurons in the VMNvl that were colabeled for ER␣ was higher in females than males
HuC/D and ER␣ immunostaining was readily observed in the VMNvl (Figs. 1 and 2 ). All cells immunoreactive for ER␣ were also immunopositive for HuC/D, and no extranuclear ER␣ labeling was observed. The total number of HuC/Dlabeled cells, regardless of ER␣ content, did not statistically differ between the sexes (Fig. 3A) . The percentage of HuC/ D-ir cells that contained ER␣ labeling was significantly higher in the females than males (P Յ 0.0001, Fig. 3B ).
The percentage of HuC/D-immunolabeled cells apposed by 5-HT-ir fibers was higher in males than females, but the percentage of 5-HT contacts on ER␣-immunolabeled cells did not differ between the sexes.
Appositions between 5-HT-ir fibers and cells immunolabeled for HuC/D, ER␣, or both were clearly observed in the VMNvl (Fig. 1) . The percentage of HuC/D cells receiving a 5-HT contact, regardless of ER␣ labeling, was significantly higher in males than females (P Յ 0.01, Fig. 4A ). Of the HuC/d-ir cells that appeared to receive contacts from 5-HT-ir fibers, the percentages that were ER␣-immunopositive and ER␣-immunonegative did not significantly differ between the sexes (Fig. 4B ).
Neonatal treatment with E2, but not GEN, masculinized 5-HT fiber density in the adult female VMNvl
Within the neonatally treated animals, there was a main effect of treatment group (F(4, 25) ϭ 5.182, P Ͻ 0.004) on 5-HT fiber density in the VMNvl. 5-HT average fiber density was higher in the control males compared with the control females but this effect did not reach statistical significance ( Fig.  5A ; P Յ 0.08). 5-HT-ir was significantly increased by postnatal E2 treatment in the females compared with the control females (P Յ 0.033) and was not statistically different from the control males (P ϭ 1). Postnatal GEN treatment had no effect on 5-HT density in either the males or the females.
Neonatal treatment did not significantly affect the colabeling of VMNvl ER␣ and HuC/D
There was a significant main effect of treatment group [F(4, 25) ϭ 5.241, P Յ 0.003] among the neonatally treated animals. As was observed in the GNX animals in the first experiment, the percentage of cells immunoreactive for both ER␣ and HuC/D was sexually dimorphic ( 
No significant effect of neonatal treatment with either E2 or GEN on 5-HT was observed in the ARC
In the ARC, the two-tailed ANOVA revealed no significant differences among the different groups [ Fig. 6 ; F(4, 23) ϭ 2.337, P Յ 0.086], but the pattern of 5-HT average fiber density in the oil-treated control males and females was consistent with what was observed in the first experiment. The females neonatally treated with E2, but not GEN, had 5-HT levels more consistent with the control males than the control females, but this trend failed to reach statistical significance (P ϭ 0.065). Finally, 5-HT average fiber density was slightly decreased in the males neonatally treated with GEN, compared with the control males, but this effect was also not statistically significant (P ϭ 0.16). A t test was then performed to compare the oil-treated males and females. In this comparison, there was a significant sex difference in 5-HT fiber density in the ARC of the neonatally treated animals ( Fig. 6 ; P Յ 0.045).
Discussion
A significant sex difference in the average density of serotonergic fibers was observed in the VMNvl of the gonadectomized adults. This pattern was also observed in the vehicle-treated control animals in the second experiment and was masculinized by postnatal E2 exposure in females. Collectively, these observations demonstrate that this sexually dimorphic projection pattern is organized during the neonatal period through exposure to E2. Our findings expand on previous work demonstrating that synaptic organization in the VMNvl is sexually dimorphic and modified by steroid hormones in the early neonatal period (48).
A sex difference was also observed in the percentage of VMNvl cells expressing ER␣. Whereas overall numbers of VMNvl neurons, as identified by the HuC/D label, were equivalent between males and females, these cells were significantly more likely to be ER␣ immunopositive in the female. This finding is consistent with previous reports demonstrating that both estrogen binding (49) and ER␣ immunoreactivity in the VMH (50) are increased in female rats, compared with males.
The observed sex differences in 5-HT fiber density and ER␣ expression in the VMNvl is congruous with this site's functional role in mediating lordosis. The VMNvl has long been accepted as a critical component of the neuroendocrine system regulating the lordosis display because lesions to this nucleus severely impair or eliminate this sexually receptive posture (1, 51-54). Moreover, the facilitatory effects of estrogens on the lordosis response appear to be exerted exclusively through the ␣-form of the ER because female ER␣ knockout mice do not display lordosis, even after steroid hormone administration (55). Therefore, the observation in the present study that the percentage of HuC/D and ER␣ double label was higher in the female rat VMNvl is consistent with the hypothesized activational role for ER␣ in the elicitation of lordosis. Whereas circulating estrogens play an essential role in stimulating lordosis in females (1, 56 -59) , males rarely display lordosis behavior, even after EB administration (8) . However, a lordosis response can be elicited in males after lesions to key areas within the forebrain and lower brain stem, indicating an active neurochemical suppression of lordosis in males. Our findings support the hypothesis that increased serotonergic input to the VMNvl in males may be one mechanism by which lordosis behavior is suppressed in males. This possibility is supported by previous work, describing two distinct inhibitory circuits that contribute to lordosis inhibition in males (10 -12, 14 -18 ). The primary inhibitory pathway appears to originate from the DRN, the principal site of origin of 5-HT projections (10, 11, 60) . Therefore, there is a strong possibility that the sex difference in 5-HT-ir fibers observed in the present studies reflect a dimorphic serotonergic projection from the DRN. However, neuroanatomical tract tracing studies are required to definitively determine whether the 5-HT-ir fibers observed in the VMNvl originate from the DRN and whether the sex difference in fiber density reflects a difference in the number of 5-HT cells in the DRN or represents increased axonal branching, leading to the formation of denser terminal fields in the VMNvl of males. Increased 5-HT fiber density in the male VMNvl also suggests that 5-HT release is enhanced in the VMNvl of males, compared with females. This possibility is supported by the report that extracellular VMN 5-HT levels are significantly higher in intact males, compared with estrous females (61) .
Although the density of 5-HT-ir fibers was appreciably greater in the male VMNvl, almost 40% of cells in the female VMNvl also appeared to receive contacts from 5-HT-containing fibers. Therefore, whereas serotonergic systems likely exert more robust inhibitory effects in the male, 5-HT also likely contributes to lordosis inhibition in females. Consistent with this premise, previous studies have reported that 5-HT release within the VMN varies across the estrous cycle in females and that extracellular VMN 5-HT levels are lowest on estrus, when females are sexually receptive (61, 62) . The fluctuation of hypothalamic 5-HT is hypothesized to facilitate the female's ability to regulate reproductive behavior such that mating occurs under physiological and environmental conditions that maximize reproductive success (4) .
The modulation of this inhibitory serotonergic input within the VMNvl may be a mechanism by which estrogens regulate the lordosis response in females, with increasing levels of estrogens decreasing the inhibitory influence of 5-HT. Inputs from 5-HT fibers appeared to contact ER␣-ir cells in both sexes, suggesting that serotonergic and estrogenic influences converge on individual VMNvl neurons to modulate their activity. This observation supports previous evidence that estrogens interact directly with serotonergic systems in the VMNvl. For example, EB administration has previously been shown to decrease 5-HT-ir in the VMN of ovariectomized females (63) , whereas estrogen supplementation increases serotonin reuptake transporter binding in the VMN (64) . In addition, 5-HT receptors play a significant role in the intensity of the lordosis response in females, with the 5-HT 1A receptor exerting an inhibitory influence (65) , whereas the 5-HT 2A/2C and 5-HT 3 receptor systems are thought to play a facilitatory role (4, 66, 67) . Accordingly, EB administration reduces the potency of 5-HT 1A receptor agonists, thereby reducing the inhibitory effect of these compounds on lordosis (68) . E2 has also been shown to modulate GABA A receptor binding in a region-specific manner (69, 70) . Functionally, this interaction between estrogens and neurotransmitter systems allows for the generation of lordosis responses that are appropriate for the animal's sex, hormonal milieu, and environmental circumstances (70 -73) .
The percentage of HuC/D-ir cells receiving apparent contacts from 5-HT-ir fibers was significantly greater in males than females. However, of those cells, the proportion that were also ER␣-ir was equivalent in both sexes and was similar to the percentage of all HuC/D that expressed ER␣, regardless of 5-HT inputs. The finding that 5-HT fibers did not appear to preferentially target ER␣-ir cells in either sex suggests that 5-HT may also impact hormone-independent functions mediated by the VMNvl. However, 5-HT-ir fibers were observed to be diffusely distributed, and the majority of the label lay in the intercellular space. This suggests that many contacts between 5-HT-labeled fibers and VMNvl cells were not axosomatic. Rather, serotonergic inputs to VMNvl neurons may be axoaxonal or may contact neuronal dendrites. It is also possible that 5-HT-containing fibers may make contacts with nonneuronal cells, such as astrocyte glia cells. Thus, the possibility remains that serotonergic inputs to other specific cell groups may be sexually dimorphic and influenced by neonatal estrogens. Future studies will be necessary to explore this possibility.
In contrast to 5-HT, we observed no appreciable sex difference in GAD65 content within the VMNvl. This finding was unexpected because previous studies suggest that the interaction of GABA and 5-HT is crucial for the precise control of lordosis behavior in males and females (5, 6, 13) , and sex dimorphisms in hypothalamic GABAergic systems are well documented (41, 74, 75). For example, sexually dimorphic projections from the principal subdivision of the bed nucleus of the stria terminalis to the AVPV, a pathway implicated in sex-specific gonadotropin responses, provide GABAergic inputs in males that are 10 times denser than those seen in females (41). In the case of the VMNvl, however, it appears that sex-specific GABAergic effects may result primarily from sex differences in GABA receptor activity rather than differences in the densities of GABAergic inputs. Sex differences in the expression of GABA receptors and the genes for their subunits within the VMNvl have been reported previously (72) , and functional studies support the premise that GABA receptor activity is involved in modulating lordosis. For example, GABA B receptor agonists have been shown to decrease the lordosis response in females (76, 77) , and a recent study demonstrated that administration of the GABA B receptor agonist baclofen also decreased lordosis behavior in males with septal lesions (13) . In contrast, the role of GABA A receptors is less clear. Although activation of GABA A receptors is generally thought to facilitate lordosis (68, 78) , it is speculated that the activation of VMNvl GABA A receptors may act to suppress lordosis (6, 79) . Finally, prior studies have also demonstrated that after gonadectomy, GABA turnover in the VMNvl diminishes substantially in females but only transiently in males (80). Therefore, it is possible that in the present study, an appreciable sex difference in GAD content may have been attenuated by gonadectomy or that more sensitive histological methods are needed to detect subtle sex differences in GAD staining.
It is well established that neonatal administration of E2, or synthetic estrogens such as EB, functionally masculinizes the rodent brain, rendering females incapable of generating lordosis responses in adulthood (1, (81) (82) (83) . One mechanism by which this might occur is through increased inhibitory serotonergic input to the VMNvl. Indeed, in the present studies, neonatal administration of E2 masculinized adult female 5-HT-ir in the VMNvl, although sex differences in 5-HT content did not reach statistical significance in the neonatally treated animals. Surprisingly, sex differences in ER␣ expression within the VMNvl were only marginally affected by neonatal E2 administration, despite a previously demonstrated role for estrogens and/or aromatizable androgens in organizing this dimorphism (84, 85) . The lack of significant neonatal E2 effects seen in the present studies may reflect the dose and timing of E2 administration used. We previously demonstrated that the neonatal E2 treatments used in the present studies are sufficient to masculinize nuclear volume and cell phenotypes in the AVPV (37). However, varying thresholds for sensitivity to neonatal hormone treatments may exist between brain regions and cell types, such that exposures are differentially effective in organizing specific dimorphisms within the brain. It is also possible that hormone replacement with EB and progesterone in adulthood, regardless of sex, may have minimized the sex difference. Previous studies have shown that within the VMN, dendritic spine density, dendrite length, and the number of terminal branches are significantly increased by the administration of estrogens, particularly in the VMNvl (86 -88) . Thus, in the second experiment, the administration of EB may have suppressed 5-HT fiber density to some degree in the males, thereby minimizing the sex difference seen in the first experiment. An alternative possibility is that additional components besides developmental estradiol exposure are required for the complete differentiation of this phenotype. For example, sex differences in VMNvl expression may result from a combination of hormonal and genetic contributions (89, 90) .
We also observed a significant sex difference in the density of 5-HT-containing fibers in the ARC. In contrast to the VMNvl, the ARC is not considered to be critically involved in the display of lordosis. Thus, the functional significance of the observed sex differences in 5-HT inputs to the ARC is likely not to be related to a role in sexual behavior. However, the ARC contributes substantially to the regulation of other sexually dimorphic neuroendocrine systems. For example, neurons in the ARC have been shown to both influence GnRH neurons (22, 91) and directly regulate prolactin secretion from the anterior pituitary (92, 93) . In rats, prolactin secretory responses are sexually dimorphic and influenced by both circulating estrogens and serotonergic activity (94, 95) . Thus, in the present studies, the observed sex differences in 5-HT fiber density within the ARC may represent a sexually differentiated component of reproductive neuroendocrine systems not directly related to reproductive behavior. In contrast, in the DMN, a region not thought to contribute to lordosis behavior and devoid of ER␣, 5-HT-ir fibers were relatively sparse and no significant sex difference in 5-HT-ir was observed.
A number of sexually dimorphic cellular phenotypes and synaptic systems in the ARC appear to be organized during the early neonatal period (23, 96 -98) . However, whereas the effect of neonatal treatment on 5-HT fiber density in the ARC was pronounced in the present studies, it did not reach statistical significance under the two-tailed ANOVA. As with the VMNvl, dose and timing of neonatal E2 treatments may not have been optimal to completely disrupt the sexual differentiation of the ARC, and the adult hormone treatments may also have attenuated measurable sex differences. Moreover, some ARC dimorphisms appear to be organized by androgens around the time of puberty (99); therefore, it is possible that the neonatal treatment paradigm used was inadequate to fully impact the organization of 5-HT projections to the ARC. However, when only the control males and females from the second experiment were compared, significant sex differences in the ARC were detected. Thus, the inclusion of multiple groups in the initial two-tailed ANOVA analysis may have effectively minimized the statistical power required to detect this significance.
No effect of neonatal treatment with the endocrine-disrupting compound, GEN, on 5-HT density or ER␣ immunoreactivity was observed in either the VMNvl or the ARC. The ineffectiveness of neonatal GEN treatments may be related to the dose and/or timing of administration. Previous studies have demonstrated that injection of 1 mg GEN daily for the first 5 d of life suppresses lordosis (100). However, a single injection of 1 mg GEN on the fourth day after birth is insufficient to impair lordosis (83) . Collectively, these data suggest that the critical period for an effect of GEN on lordosis lies within the first few days of life. In the present studies, our treatments were confined to that critical period, but our dose was half of that used in the previous studies. Therefore, the dose may have been too low to generate an effect. We previously reported that this dose of GEN is sufficient to disrupt sexual differentiation within the AVPV (37). Thus, as was seen for E2, it appears that sexually dimorphic cell groups may exhibit differential sensitivity to the disruptive influences of neonatal GEN exposures. Identifying the doses of GEN that disrupt development of sexually dimorphic brain regions is critical for the generation of appropriate human risk assessment models. The dose of 500 g/d used in the present study is lower than those that have been used in previous studies (83, 100) but closer to what is typically considered physiological for human infants (101) (102) (103) .
It remains unclear which ER subtype mediates the neonatal masculinization of serotonergic inputs to the VMNvl. Although a definitive role for ER␣ in the lordosis response has been well established, recent evidence suggests that ER␤ may be essential for the proper development and maintenance of the lordosis inhibiting circuits in males. It was recently demonstrated that male mice lacking ER␤ can be stimulated by the sequential administration of E2 and progesterone to engage in a low level of lordosis (104), a behavioral response not seen in wild-type animals. This observation suggests that the lordosis inhibiting circuit may not be properly masculinized in these animals and that ER␤ may play a critical role in the development and function of this circuit. In mice, the raphe nuclei, particularly the DRN, contain appreciable levels of ER␤. More than 90% of these ER␤-ir neurons are colocalized with tryptophan hydroxylase, the rate-limiting enzyme for 5-HT synthesis (105) . In contrast, coexpression of ER␣ and tryptophan hydroxylase is far less abundant in this region. Therefore, it appears that ER␤ may play the dominant role both during the development of serotonergic lordosis-inhibiting circuits and in the functional activity of these circuits during adulthood.
Our finding that GEN did not impact sexual differentiation of serotonergic projections to the VMNvl is consistent with previous data suggesting that GEN is primarily active through ER␤, whereas ER␣ is required for the estrogendependent masculinization of this nucleus in rats (106) . However, this finding initially appears to be inconsistent with the aforementioned studies in ER␣ and ER␤ knockout mice that demonstrate an important role for ER␤ in the defeminization of sexually dimorphic circuits (104, 107) . With respect to serotonergic systems, species differences in the ER expression patterns of 5-HT cells may contribute to this discrepancy because the raphe nuclei of the adult rat appears to contain very little ER␣ and little to no ER␤, regardless of sex (108) . It is also possible that organizational hormones may act primarily on cells in the target nucleus rather than the nucleus of origin to generate sex differences in axonal projections. Recent studies using organotypic cocultures to investigate the mechanisms by which neonatal estrogens masculinize sexually dimorphic projections from the principal subdivision of the bed nucleus of the stria terminalis to the AVPV suggest that organizational hormones may act primarily on cells in the AVPV by altering the release of chemotropic factors that impact axon guidance and neuronal targeting (109) . Thus, hormone-mediated mechanisms within VMNvl target cells themselves may act similarly to preferentially guide DRN projections to the VMNvl in males.
The present experiments demonstrate pronounced sex differences in 5-HT, but not GAD65, fiber density in the VMNvl. Our findings further demonstrate that neonatal E2 administration masculinizes this neurochemical input in females, suggesting that the lordosis-inhibiting pathways are organized by hormone exposure during the classic, neonatal critical period of brain sexual differentiation. These findings expand on previous models demonstrating that estrogeninduced plasticity in VMN synaptic organization mediates behavioral responses (110) by revealing a permanent, neonatally organized circuit that is resistant to circulating estrogens in adulthood. By using triple-label immunofluorescent techniques, we have also demonstrated anatomically that estrogenic and serotonergic signals converge on individual cells in the VMNvl in a sexually dimorphic pattern. Our findings shed new light on the mechanisms by which hormones and neurotransmitters interact to control sex-specific behavioral and physiological functions. 
